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Important ecological changes of the Earth (oxidization of the atmosphere and the ocean) increase in
nutrient supply due to the break-up of the super continent (Rodinia) and the appearance of multi-cellular
organisms (macroscopic algae and metazoan) took place in the Ediacaran period, priming the Cambrian
explosion. The strong perturbations in carbon cycles in the ocean are recorded as excursions in carbonate
and organic carbon isotope ratio (d13Ccarb and d13Corg) from the Ediacaran through early Cambrian periods.
The Ediacaraneearly Cambrian sediment records of d13Ccarb and d
13Corg, obtained from the drill-core
samples in Three Gorges in South China, are compared with the results of numerical simulation of a sim-
ple one-zonemodel of the carbon cycle of the ocean,whichhas tworeservoirs (i.e., dissolvedorganic carbon
(DOC) and dissolved inorganic carbon (DIC). The ﬂuxes from the reservoirs are assumed to be proportional
to the mass of the carbon reservoirs. We constructed a model, referred to here as the Best Fit Model (BFM),
which reproduce d13Ccarb and d13Corg records in the Ediacaraneearly Cambrian period noted above. BFM
reveals that the Shuram excursion is related to three major changes in the carbon cycle or the global
ecological system of the Earth: (1) an increase in the coefﬁcient of remineralization by a factor of ca. 100,
possibly corresponding to a change in the dominant metabolism from anaerobic respiration to aerobic
respiration, (2) an increase of carbon fractionation index from 25& to 33&, possibly corresponding to the
change in the primary producer from rock-living cyanobacteria to free-living macro algae, and (3) an in-
crease in the coefﬁcient of the organic carbon burial by a factor of ca. 100, possibly corresponding to the
onset of a biological pump driven by the ﬂourishing metazoan and zooplankton. The former two changes
tookplace at the start of the Shuramexcursion,while the third occurred at the endof the Shuramexcursion.
Theother twoexcursions are explainedby the tentativedecrease inprimaryproduction due to cold periods,
which correspond to the Gaskiers (ca. 580 Ma) and Bikonor (ca. 542 Ma) glaciations.
 2014, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.þ81 3 5734 5143.
17@gmail.com (M. Tahata).
of Geosciences (Beijing)
Beijing) and Peking University. Pro1. Introduction
In the Ediacaran period, two biological and environmental
changes took place before the Cambrian explosion of the metazoan.
First, macroscopic fossils of multicellular organisms with sizes
exceeding 1 m are identiﬁed in the sedimentological record (e.g.
Narbonne, 2005). Their morphological diversity rapidly increasedduction and hosting by Elsevier B.V. All rights reserved.
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(Fig. 1; Knoll and Carroll, 1999; Brasier and Antcliffe, 2004; Payne
et al., 2009). Second, the oxygen level of the atmosphere and the
ocean is increased by a ﬁve orders of magnitude in the late Edia-
caran (Fig. 1). As suggested by the size changes of biological orga-
nization (Condie and Sloan,1997; Payne et al., 2009), redox states of
Fe, Eu and Ce in deep sea, and shallow marine carbonate through
time (Kato et al., 2006; Canﬁeld et al., 2007; Komiya et al., 2008),
and the change in sulfur isotope ratio analyses (Fike et al., 2006;
McFadden et al., 2008; Xiao et al., 2012).
These major environmental changes strongly perturbed the
carbon cycle in the ocean. In fact, strong depletion events (excur-
sions) of carbon-13 are reported in the late Ediacaran ocean,
recorded in platform sediments almost simultaneously around the
world (Burns andMatter, 1993; Narbonne et al., 1994; Kaufman and
Knoll, 1995, 1997, 2006; Saylor et al., 1998; Myrow and Kaufman,
1999; Yang et al., 1999; Calver, 2000; Walter et al., 2000; Jiang
et al., 2002, 2007; Wang et al., 2002a,b; Condon et al., 2005; Fike
et al., 2006; Le Guerroué et al., 2006; Zhou and Xiao, 2007; Zhu
et al., 2007; Tahata et al., 2013). This drop in carbon-13 is referred
to as the Shuram excursion.
The stable isotope ratios d13Ccarb and d13Corg are believed to
reﬂect the change in the global status of photosynthesis, since
biological organisms preferentially use light carbon during photo-
synthesis. When the biological mass with light-carbon content
becomes large, the inorganic carbon (mantle CO2) in the atmo-
sphere and ocean become heavier. Rothman et al. (2003) ﬁrst
modeled the behavior of the carbon cycle and the stable isotope
ratios with a simple one-zone model, which has two reservoirs of
carbon: dissolved organic carbon (DOC) and dissolved inorganic
carbon (DIC). They also suggested that the reservoir of DOC in the
early Ediacaran Ocean was 100 times larger than that of DIC in theFigure 1. The history of the size of biological organization and oxygen level on the Earth (m
2009; Maruyama et al., 2014). The size of biological organization and the oxygen level are rep
635 to ca. 510 Ma) in which we consider in the present paper. This period is one of the m
organization drastically increased at the transition from Proterozoic to Phanerozoic Ocean.modern ocean. The transition from such a dark and nontransparent
Precambrian ocean to themodern blue and transparent oceanmust
have taken place in the late Ediacaran period. Knoll and Carroll
(1999) suggested that the appearance of multicellular metazoans
might have contributed to the clear up of the DOC in the ocean.
However, the discussions so far remain qualitative.
In order to promote quantitative studies, we performed a new
line of observational and theoretical investigations. First, we con-
ducted chemostratigraphic investigation of carbonate carbon
isotope ratios (d13Ccarb) and organic carbon isotope ratios (d13Corg)
using the drill-core samples collected at the Three Gorges, South
China (Fig. 2; Ishikawa et al., 2008; Kikumoto et al., 2014; Tahata
et al., 2013). These data are much more reliable than those in pre-
vious studies (Zhou and Xiao, 2007; Zhu et al., 2007; McFadden
et al., 2008; Jiang et al., 2010; Guo et al., 2013), because drill-core
samples of these data have little diagenesis weathering not to
expose. Our new data offers the best proxy of changes in the carbon
cycle from the Ediacaran period through early Cambrian period,
since: (1) nomajor unconformities, (2) a much ﬁner resolutionwith
731 points (organic carbon isotope values: 342 points) from 635 to
510 Ma, and (3) pristine drilling-core samples lacking weathering
or contamination.
These data collection of d13Ccarb and d13Corg are compared with
results of the numerical simulations of an one-zone model of the
carbon cycle proposed by Rothman et al. (2003) and Ishikawa et al.
(2013); by ﬁtting numerical data to observational ones, we con-
structed a Bes Fit Model (referred to hereafter as BFM) which
reproduced, the time histories of d13Ccarb and d13Corg, adding much
greater detail of the ﬂuctuations of the carbon cycle compared to
the previous investigations. The BFM, therefore, forms the basis for
quantitative investigation of the evolution of the carbon cycle from
the Ediacaran period through early Cambrian period (635e510Ma).odiﬁed after Condie and Sloan, 1997; Kato et al., 2006; Komiya et al., 2008; Payne et al.,
resented by black and blue curves, respectively. The red rectangle shows the period (ca.
ost important periods in history of life when oxygen level and the size of biological
M. Tahata et al. / Geoscience Frontiers 6 (2015) 121e136 123The present paper is organized as follows. We describe the
outline data obtained in the samples from the drill-core in Section
2, and the one-zone model with two reservoirs and the method of
the numerical integration in Section 3. In Section 4, the process of
the ﬁtting of the simulated data to the observational ones is
described. We discuss the implication of the environmental
changes in the Ediacaran to Cambrian period and future works.
2. The carbonate and organic carbon isotope ratio of drilling
core samples in Three Gorges
Fig. 3 shows the reconstructed continental conﬁguration in the
Ediacaran period (600e500Ma) based fromHoffman and Li (2009).Figure 2. High-resolution and contiguous d13Ccarb and d13Corg chemostratigraphy of sedimen
post-Marinoan glaciation (635e590 Ma), the Gaskiers glaciation (590e580 Ma), the post-Ga
excursion (555e542 Ma), the Pc/C boundary (542e535 Ma), and the earliest part of the Cam
and Baikonur.Paleomagnetic data indicate that the South China block was located
at ca. 40N in the Neoproterozoic and 20N in the early Cambrian
(Li et al., 1996; Zhang et al., 2003; Hoffman and Li, 2009). Paleo-
geographic reconstructions of the Three Gorges indicate a
southeast-facing Ediacaran Yangtze platform (Zhu et al., 2003,
2007; Jiang et al., 2007). This platform comprises a shallow ma-
rine shelf to a deep basin (Fig. 4; Zhu et al., 2003, 2007; Jiang et al.,
2011) that developed on the continental margin of the Yangtze
block, rifted off the Cathaysia block after ca. 800 Ma (Li et al., 1999;
Wang and Li, 2003).
The drill-core samples in the Three Gorges contain contiguous
sequences ranging in age from 635 to 510 Ma. They include the
deposits that record the Marinoan Snowball Earth, the Gaskiersts collected from the Three Gorges, South China with P1eP7 demarcating, respectively:
skiers glaciation (580e570 Ma), the Shuram excursion (570e555 Ma), the post-Sharma
brian (535e525 Ma). In addition, blue bands indicate glaciations: Marinoan, Gaskiers,
Figure 3. Continental conﬁguration in Ediacaran period (Li et al., 1996, 1998; Zhang
et al., 2003; Hoffman and Li, 2009; Maruyama et al., 2014).
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et al., 2008; Tahata et al., 2013). In addition, the deposits also
possibly record the Baikonur glaciation (Chumakov, 1978) near the
Pc/C boundary. Here, we adapted 635 Ma as the age of Pc/C
boundary, according to zircon U-Pb TIMS ages have been reported
from Member I cap dolostone (635.2  0.6 Ma), lower Member II
(632.5  0.5 Ma), and uppermost Member IV (551.1  0.7 Ma)
(Condon et al., 2005). We didn’t adapt Re-Os ages of 595  22 Ma
(Zhu et al., 2013) from the Member IV black shale, because of Re-Os
ages with large error.Figure 4. (a) Paleogeographic map of South China in the Ediacaran; transect line AeA0 of sch
of South China in Ediacaran (Zhou et al., 2004; Jiang et al., 2011).We divide the range of time from the Ediacaran to the early
Cambrian into seven major parts based on the d13Ccarb and d13Corg:
(1) post-Marinoan glaciation (P1: ca. 635e590Ma), (2) the Gaskiers
glaciation (P2: ca. 590e580 Ma), (3) the post-Gaskiers glaciation
(P3: ca. 580e570 Ma), (4) the Shuram excursion (P4: ca.
570e555 Ma), (5) the post-Shuram excursion (P5: ca.
555e542 Ma), (6) the Pc/C boundary (P6: ca. 542e535 Ma), and (7)
the earliest part of the Cambrian (P7: ca. 535e525Ma), respectively.
3. The box model of the carbon cycle of the ocean
We adapted Rothman’s box model, with DIC and DOC reservoirs
assumed to be proportional to the reservoir mass, represented by
the following equations (Fig. 5; Ishikawa et al., 2013):
dd1
dt
¼ Ji
m1
ðdi  d1Þ þ
k4m2
m1
ðd2  d1Þ þ k3 30 (1)
dd2
dt
¼ k3m1
m2
ðd1  30  d2Þ (2)
dm1
dt
¼ ðk1 þ k3Þm1 þ k4m2 þ Ji (3)
dm2
dt
¼ k3m1  ðk2 þ k4Þm2 (4)
where d1 and d2 are the carbon isotope ratios of the DIC and DOC
reservoirs, respectively, and m1 and m2 are their masses.
The inﬂux, Ji, and isotope ratio, di, from river and atmosphere to
the ocean are assumed to be 3000  1015 (mol/yr) (Holser et al.,
1988) and 5& (Des Marais, 1997; Hayes et al., 1999), respectively.
The model is characterized by ﬁve parameters, k1, k2, k3, k4, and
30. First, k1 determines the ﬂux from the DIC to carbonate in the
sediments (i.e., inorganic carbon burial ﬂux). Second, k2 depends on
(1) rapidly sinking particulate organic carbon such as fecal pelletsematic paleotopographic proﬁle in (b) is shown. (b) Schematic paleotopographic proﬁle
Figure 5. Schematic portrayal of the Box model, which includes the calculation of
carbon in water (Rothman et al., 2003 and Ishikawa et al., 2013).
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rials enclosed by bio-mineralized materials (Rothman et al., 2003;
Emerson and Hedges, 2008), (2) enhanced preservation of sinking
organic carbons in a reducing environment (Hedges and Keil, 1995),
and/or (3) increased quantities of sediments (Des Marais, 1997).
Third, k3 determines the ﬂux from DIC to DOC (i.e., the primary
productivity through photosynthesis). The photosynthesis is
inﬂuenced by temperature, light ﬂux, nutrient supply, and abun-
dance of CO2(aq) content in the ocean. The large-scale ice sheets
related to the Snowball Earth reduced photosynthesis, sunshine
reaching to ocean, nutrient availability, and abundance of CO2(aq)
content causing a signiﬁcant decrease in primary productivity (k3)
(Hoffman et al., 1998). Fourth, the isotope fractionation of photo-
synthesis is expressed by 30. Although the fractionation from 40&
to 0& are different for various photosynthetic organism and con-
ditions (Zerkle et al., 2005), it is ca. 20& in the modern ocean
averaged over the entire Earth. The fractionation of cyanobacteria is
about 25&, more generally in a range of 18 to 29& (Roeske and
O’leary, 1984; Guy et al., 1993; Robinson et al., 2003; Scott et al.,
2004, 2007; McNevin et al., 2006).
Finally, k4 determines the ﬂux from DOC to DIC (i.e., reminer-
alization of organic matter), reﬂecting the efﬁciency of the respi-
ration. Rothman et al. (2003), for example, pointed out that the
increase in k4 results from an increased oxygen concentration in the
seawater and/or from enhanced oceanic sulfate reduction (Fike
et al., 2006; McFadden et al., 2008).
We adapted the fourth-order, Runge-Kutta method to integrate
four ordinary differential Eqs. (1e4) to update d1, m1, d2, and m2
(Fig. 5). Previous studies by Bristow and Kennedy (2008) and
Ishikawa et al. (2013) assumed d2 to be constant in their analytical
calculations. However, a signiﬁcant change in d13Corg is observedTable 1
The parameter set of BFM (see Figs. 4 and 5) with k1 representative of buried carbonate, k
and 30 (&) fractionation of photosynthesis.
Period k1 (Myr1) k2 (Myr1)
P1 0.5 0.02
P2 0.5 0.02
P3 0.5 0.02
P4 0.5 0.02
P5 0.5 0.5
P6 0.5 0.5
P7 0.5 0.5
The modern ocean 0.5 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 10þ1during the Ediacaran period based on drill-core sample data of the
Three Gorges (Fig. 2). While the ﬁve parameters (k1, k2, k3, k4, and
30) are kept constant during individual periods (P1eP7), they may
change at their boundaries in the model to reproduce the obser-
vational data.
4. Results
We calculate the history of d1 and d2 through numerical
modeling using various initial conditions (m1, m2, d1, and d2) and
parameters (k1, k2, k3, k4, and 30), and look for the set of best-ﬁtting
parameters during the Ediacaran period through early Cambrian
(P1eP7); this method is referred to here as BFM. The parameters of
BFM in each period are given in Table 1 and Fig. 6.
We adopted k1 ¼ 0.5, k2 ¼ 0.02, k3 ¼ 0.2, and k4 ¼ 0.001 as the
initial conditions of P1 in BFM. BFM reveals that the Shuram
excursion is related to the three major changes in the carbon cycle
or the global ecological system of the Earth. The changes are: (1) an
increase in the coefﬁcient of remineralization by a factor of ca. 100,
which may correspond to a change in the dominant metabolism
from anaerobic respiration to aerobic respiration, (2) an increase of
carbon isotope fractionation index from 25& to 33&, which may
correspond to a change in the primary producer from rock-living
cyanobacteria to the free-living macro algae, and (3) an increase
in the coefﬁcient of the organic carbon burial by a factor of ca. 100
times. This may correspond to the onset of the biological pump due
to the ﬂourishing of the metazoan and zooplankton (both their
living systems and fecal pellets). The former two changes took place
almost simultaneously at the start of the Shuram excursion, while
the last one occurred at the end of the Shuram excursion. The other
two excursions are explained by a temporal decrease in primary
production of organic carbon due to extremely cold periods cor-
responding to Gaskiers (590e580 Ma) and Baikonur (just after Pc/C
boundary: 542 Ma) glaciations.
4.1. Early Ediacaran (P1: 635e590 Ma)
The period, P1, initiates from the end of Marinoan Snowball Earth
(ca. 635 Ma) and terminates by the beginning of Gaskiers glaciation
(ca. 580Ma).UsingBFM, d13Ccarb and d13Corg remainednearlyconstant
throughP1. The d13Ccarbwas ashigh as ca.þ5&, and the d13Corgwas as
low as ca. 30& (Figs. 2 and 7). Initialm1 ¼ 3000 andm2 ¼ 300,000
(1015mol) are assumed for the d13Ccarb and d13Corg, respectively, in the
Three Gorges, so as to reproduce the observed d13Ccarb and d13Corg
when k1¼0.5, k2¼ 0.02, k3¼ 0.3, and k4¼ 0.001. The validity of these
initial values is discussed in Section 5.1. The fractionation, 30, is
assumed to be ca. 25&; the fractionation of cyanobacteria in the
modern ocean ranges from 18 to 29&, with an average ca. 25&
(Roeske andO’leary,1984;Guyet al.,1993;Robinsonet al., 2003; Scott
et al., 2004, 2007;McNevinet al., 2006). Toleranceanalysis reveals the
allowance in parameters to maintain d13Ccarb and d13Corg to ca. þ5&2 buried organic matter, k3 primary productivity, k4 mineralization of organic matter,
k3 (Myr1) k4 (Myr1) 30
0.3 0.001 25
0.01 0.001 25
0.3 0.001 25
0.3 0.08 33
0.3 0.08 33
0.001 0.08 33
0.3 0.08 33
10 500 20
101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
Figure 6. (a) The chemostratigraphy of both d13Ccarb and d13Corg of the Ediacaran through early Cambrian, separated into seven parts, are well reproduced by d1 (black solid curve)
and d2 (gray solid curve) of the Best Fit Model (BFM). In the model, we use Ji ¼ 3000 (1015 mol/Myr) (Holser et al., 1988) and di ¼ 5& (Des Marais, 1997; Hayes et al., 1999). (b) The
set of parameters of BFM are shown. While k1 remains unchanged at 0.5 Myr1 though the entire period of the ﬁtting, the parameters k2 and k4 increase once k2 ¼ 0.02/ 0.5 Myr1,
k4 ¼ 0.001/ 0.08 Myr1, and 30 ¼ 25/ 33&. In addition, k3 temporarily reduces during two glacier periods (i.e., Gaskies and Baikonur). The parameter values show in Table 1. (c)
m1 and m2 though time calculated using BFM. The mass, m2, of DOC is much larger than that of DIC though P1eP4 of the Ediacaran period than m1 but become comparable in P5
(latest Ediacaran) and even less than m1 (P6: Pc/C boundary). (d) The ﬂuxes of carbon from the DOC and DIC reservoirs (see Fig. 5).
M. Tahata et al. / Geoscience Frontiers 6 (2015) 121e136126and ca.30& as follows: (1)m2must be as large as 30,000 (1015mol),
which is ca. 100 times larger than m1. (2) The coefﬁcient of buried
organic matter, k2, must be ca. 0.02, which is 1000 times lower than
themodernocean (k2¼ 20; Fig. 7); this is consistentwith the fact that
the primary producer was sub-micron cyanobacteria, as noFigure 7. (a) The same as Fig. 6a but only representative of P1 (early Ediacaran period). Only
cases for sensitivity analysis, including: (red) BFM (k1 ¼ 0.5 Myr1, k2 ¼ 0.02 Myr1, k3 ¼ 0.2
(1015 mol) as initial conditions), (green) the same as BFM but k3 ¼ 10 Myr1 and k4 ¼ 0.1 Myr
the same as BFM but k2 ¼ 2 Myr1. The parameter variation shows in Table 2.zooplankton existed in the early Ediacaran ocean. (3) The coefﬁcient
of primary productivity, k3, has to be0.2,which is 20 times lower than
that of themodern ocean. (4) Coefﬁcient of remineralization, k4,must
be0.001,which is1000e10000 lower than thoseof themodernocean
(Table 2 and Fig. 7), indicating that the ocean conditions were largelyBFM (red solid curve) gives a satisfactory ﬁtting. (b) Parameter sets for BFM and other
Myr1, k4 ¼ 0.001 Myr1, and 30 ¼ 25&, and m2 ¼ 30,000 (1015 mol), and m1 ¼ 3000
1, (violet) the same as BFM butm2 ¼ 3000 (1015 mol) as the initial condition, and (blue)
Table 2
The parameters corresponding with Fig. 7 (P1).
Period k1 (Myr1) k2 (Myr1) k3 (Myr1) k4 (Myr1) 30 (&)
BFM 0.5 0.02 0.3 0.001 25
Green line 0.5 0.02 10 0.1 25
Blue line 0.5 0.02 0.3 0.001 25
Light blue line 0.5 2 0.3 0.001 25
The modern ocean 0.5 20 10 500 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 10þ1 101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
The bold values show best ﬁtting model (BFM) and red line.
M. Tahata et al. / Geoscience Frontiers 6 (2015) 121e136 127anoxic and that the remineralization of organic matter was reduced
(i.e., the oxidization of organic matter was slow in the ocean).
4.2. Gaskiers glaciation (P2: 590e580 Ma) and its aftermath (P3:
580e570 Ma)
The P2 and P3 are the period before and after Gaskiers glaciation
(Myrow and Kaufman, 1999; Bowring et al., 2003), characterized by
high d18O values, indicating low-temperature environmental con-
ditions (Tahata et al., 2013). The samples of the data show no sign of
diagenesis (Tahata et al., 2013). The positive excursion is most likely
to be due to the cooler climate around Gaskiers glacier period
(Tahata et al., 2013) but not due to diagenesis (Jacobsen and
Kaufman, 1999). In P2 (590e580 Ma), d13Ccarb decreased
from þ5& to 4& and d13Corg remained ca. 30& (Figs. 2 and 8),
which can be explained by a decrease in k3 (coefﬁcient of primary
productivity) from 0.2 to 0.02 (red line in Fig. 8), or an increase in k4
(rate of remineralization) from 0.002 to 0.02 (orange line in Fig. 8)
at P1/P2 boundary. Both d13Ccarb (from þ5 to 5&) and d13Corg (ca.Figure 8. (a) The same as Fig. 6a but only representative of P2 and P3 (Gaskiers and post-Ga
(b) Parameter sets for BFM and other cases for sensitivity analysis, including: (red) BFM e
0.2 Myr1 in post-Gaskiers period (P3), with the other parameters remaining unchanged; (o
increased to 2 Myr1 and 0.01 Myr1, respectively, instead of the reducing k3; (blue) k3 red30&) in P2 and P3 were well reproduced through the BFM.
However, a change in k3 is more likely, if we take into account
environmental conditions related to glaciation in P2 and P3; the
decoupling of d13Ccarb and d13Corg is caused by remineralization of a
large DOC reservoir (m2[ m1). In P3, after Gaskiers glaciation, all
parameter ﬂuxes returned back to the parameter values in P1.
Although the climatic perturbations related to glaciation changed
the amount of d13Ccarb in P2 and P3 when compared to P1, d13Corg
did not follow d13Ccarb because of a large DOC (m2) compared with
DIC (m1), as suggested by previous work (Rothman et al., 2003). The
date of parameter variations in Fig. 8 shows in Table 3.
4.3. The Shuram excursion period (P4: 570e555 Ma)
In the period of the Shuram excursion (P4: ca. 570e555 Ma),
d13Ccarb suddenly decreased to 10& and d13Corg gradually
decreased to 40& (Figs. 2 and 9). This decrease in d13Ccarb is the
largest recorded change during the entire history of the Earth
(Veizer et al., 1999; Shields and Veizer, 2002). To reproduce thisskiers periods), in addition to P1. Only BFM (red solid curve) gives a satisfactory ﬁtting.
k3 is reduced down to 0.01 Myr1 during Gaskiers glaciation (P2) and returns back to
range) k4 is increased to 0.01 Myr1 instead of reducing k3; (green) both k2 and k4 are
uced even further down to 0.001 Myr1. The parameter variation shows in Table 3.
Table 3
The parameter variations corresponding with Fig. 8 (P2 and P3).
Period k1 (Myr1) k2 (Myr1) k3 (Myr1) k4 (Myr1) 30 (&)
P2 BFM 0.5 0.02 0.01 0.001 25
Orange line 0.5 0.02 0.3 0.02 25
Green line 0.5 2 0.3 0.05 25
Light blue line 0.5 2 0.01 0.001 25
P3 BFM 0.5 0.02 0.3 0.001 25
Orange line 0.5 0.02 0.01 0.05 25
Green line 0.5 2 0.01 0.01 25
Light blue line 0.5 2 0.01 0.001 25
BFM in P1 0.5 0.02 0.3 0.001 25
The modern ocean 0.5 20 10 500 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 101 101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
The bold values show best ﬁtting model (BFM) and red line.
M. Tahata et al. / Geoscience Frontiers 6 (2015) 121e136128remarkable change, the second term of Eq. (1) must be dominant
over the rest of the terms in the same equation, since d1 decreases
below 5& (Figs. 6 and 9). In addition, m2 must become small in
Eq. (2), and therefore, k4 (coefﬁcient of remineralization) in Eq. (1)
must increase so as f4 (¼k4m2) becomes sufﬁciently large. If k4 in-
creases to 0.08, ca. 50 times larger than P3, calculated values of d1
and d2 are consistent with measured values of d13Ccarb and d13Corg,
respectively (red line in Fig. 9). Therefore, the k4 increased at the P3/
P4 boundary by a factor of 30 in the BFMmodel (Table 4 and Fig. 9).
On the other hand, changing both k2 and k3, while k4 remains
constant, cannot reproduce the observed changes in d13Ccarb and
d13Corg (green and red lines in Fig. 9). This is consistent with the fact
that P3/P4 does not record a period of cold environmental condi-
tions related to glaciation (e.g. tillite and high d18O values; Tahata
et al., 2013).
In addition, the isotope fractionation values ( 30) must be
increased to 33& in P4, because the difference between the mini-
mum d13Ccarb (10&) and the minimum d13Corg (40&) shows ca.
30&; i.e., the fractionation values need to be as large as 30& (Eq.
(2)) to account for the appearance of free-living macroscopic algaeFigure 9. (a) The same as Fig. 6a but only representative of P4 (Shuram excursion), in additio
BFM and other cases for sensitivity analysis, including BFM e k4 and 30 are increased to 0.08
k3 are increased to 0.001 Myr1 instead of increasing k4; (purple) k2 is increased to 1 Myr1 i
(light green) Only k4 in increased to 0.08 Myr1 but remains unchanged. The parameter vaas the major producer during P4, replacing rock-living cyanobac-
teria (stromatolite), as seen in the Maohe biota.
4.4. Post-Shuram excursion, the latest Ediacaran (P5: 555e542 Ma)
P5 initiates at the end of the Shuram excursion and terminates
by the Pc/C boundary, with d13Ccarb returning to a positive value
following the Shuram excursion. The d13Ccarb increases to ca. þ5&
while d13Corg increases to ca. 28&, with their shifts being parallel
(Figs. 2 and 10). The changes in d13Ccarb and d13Corg in P5 are
reproduced through the BFM, where k2 increases to 0.5, which is ca.
20 times larger than k2 in P4 (a red line in Fig. 10). Since m2
(representative of DOC), becomes as low as m1 (DIC), d2 (d13Corg)
increases in parallel with d1 (d13Ccarb). This may correspond to the
onset of the appearance of bilaterian (Kimbellera: Martin et al.,
2000) due to the biological pump. On the other hand, the
changes in k3 and k4 without changing k2 cannot explain the
aforementioned observed parallel change in d13Ccarb and d13Corg
(green and blue lines in Fig. 10). The data of parameter variations in
Fig. 10 shows in Table 5.n to P1eP3. Only BFM (red solid curve) gives a satisfactory ﬁtting. (b) Parameter sets for
Myr1 and 33&, respectively, with the other parameters remaining unchanged; (green)
nstead of increasing k4; (dark green) k1 is increased to 3 Myr1 instead of increasing k4;
riation shows in Table 4.
Table 4
The parameter variations corresponding with Fig. 9 (P4).
Period k1 (Myr1) k2 (Myr1) k3 (Myr1) k4 (Myr1) 30 (&)
BFM 0.5 0.02 0.3 0.08 33
Green line 0.5 0.02 0.001 0.001 33
Blue line 0.5 1 0.001 0.001 33
Light blue line 3 1 0.001 0.001 33
Light green line 0.5 0.02 0.001 0.001 25
Light sky blue 0.5 1 0.001 0.001 25
Light purple line 3 1 0.001 0.001 25
Purple line 0.5 0.02 0.3 0.08 25
BFM in P2 0.5 0.02 0.3 0.001 25
The modern ocean 0.5 20 10 500 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 10þ1 101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
The bold values show best ﬁtting model (BFM) and red line.
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535e525 Ma)
The Pc/C boundary is deﬁned by the appearance of Cambrian-
type small shelly fossils (SSFs) and/or the emergence of the
Treptichnus pedum assemblage of trace fossils (e.g. Narbonne
et al., 1987, 2005; Bowring et al., 1993; Brasier et al., 1994,
1995, 2000; Landing, 1994; Grotzinger et al., 1995; Kirschvink
and Hagadorn, 2000; Jenkins et al., 2002; Amthor et al., 2003;
Compston et al., 2008; Sawaki et al., 2008). After the Pc/C
boundary, all present-day animal phyla had appeared by that
time (e.g. Knoll and Carroll, 1999; Conway Morris, 2000; Budd,
2003). The changes of d13Ccarb and d13Corg after P5 show a
tighter coupling when compared to those before P5 (Figs. 2 and
11). These changes are reproduced by a decrease of k3 from 0.2
to 0.01 at the P5/P6 boundary and subsequently return back to
the P5 value at the P6/P7 boundary (Table 6 and Fig. 11). The
decrease in the coefﬁcient of the primary productivity (k3) can
be explained by lower temperatures associated with the Baiko-
nur glacial event recorded through the glacial deposits found
near the Pc/C boundary in Russia (Chumakov, 1978).Figure 10. (a) The same as Fig. 9 but P5 (post-Shuram period) is added to P1eP4. Only BFM
for sensitivity analysis, including (red) BFM (k2 is increased to 0.5 Myr1, while the other par
and (blue) k4 is reduced to 0.011 Myr1 instead of increasing k2. The parameter variation s5. Discussions
Many authors pointed the importance of the studies of carbon
cycles from Ediacaran through early Cambrian periods, when
ecological revolution in the oceanic biological systems underwent
(e.g. Condie and Sloan, 1997; Knoll and Carroll, 1999; Brasier and
Antcliffe, 2004; Narbonne, 2005; Fike et al., 2006; Kato et al.,
2006; Canﬁeld et al., 2007; Komiya et al., 2008; McFadden et al.,
2008; Payne et al., 2009; Xiao et al., 2012). The chemo-
stratigraphies of isotope ratios (e.g. C, O, S, Sr, Fe, N, and Mo) were
analyzed to ﬁgure out the interplay of biological systems and the
environment (Fike et al., 2006; Kato et al., 2006; Canﬁeld et al.,
2007; Komiya et al., 2008; McFadden et al., 2008; Sawaki et al.,
2008, 2010; Xiao et al., 2012; Kikumoto et al., 2013; Tahata et al.,
2013). However, their discussions remain vague and qualitative
because of the two difﬁculties both in the data and models. First,
they used the data obtained from the samples from outcrops,
where diagenesis, weathering, and contamination from rain water
are inevitable. Furthermore, they did not use the numerical inte-
gration to reproduce chemostratigraphy. For example, Ishikawa
et al. (2013) tried to ﬁt the data with analytical solutions of the(red solid curve) gives a satisfactory ﬁtting. (b) Parameter sets for BFM and other cases
ameters remain unchanged), (green) k3 is increased to 1 Myr1 instead of increasing k2,
hows in Table 5.
Table 5
The parameters corresponding to Fig. 10 (P5).
Period k1 (Myr1) k2 (Myr1) k3 (Myr1) k4 (Myr1) 30 (&)
BFM 0.5 0.5 0.3 0.08 33
Green line 0.5 0.02 1 0.08 33
Blue line 0.5 0.02 0.3 0.08 33
BFM in P4 0.5 0.02 0.3 0.01 33
The modern ocean 0.5 20 10 500 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 10þ1 101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
The bold values show best ﬁtting model (BFM) and red line.
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under the assumption of constant d13Corg. This assumption is,
however, not always true in Ediacaran through early Cambrian
periods, as described in the present paper.
On the other hand, we use a numerical integration code by
Runge-Kutta method to solve four ordinal differential equations
(Eqs. (1)e(4)) to describe the changes in four variables, i.e., d1, d2,m1
and m2. The numerically obtained time series of d1 and d2 allow us
to compare the data of d13Ccarb and d13Corg in detail. We also use the
data with a much higher quality compared to the previous works.
First, the data were taken from the drill-core samples, in which the
effects of diagenesis, weathering, or contamination are expected to
be much smaller than those from the outcrops that the previous
works used. In addition, the number of sampling points reached
731 points for carbonate samples and 342 points for organic matter
samples, respectively. Furthermore, the intervals of the sampling
points are less than 1 m at most to allow us to construct almost
continuous chemostratigraphy from Ediacaran through early
Cambrian periods for the detailed comparisons with the time series
d1 and d2 obtained numerically.Figure 11. (a) The same as Fig. 10 but P6 and P7 (Pc/C boundary and early Cambrian period)
sets for BFM and other cases for sensitivity analysis, including: (red) BFM (k3 is reduced do
other parameters remain unchanged), (green) k3 is reduced down to 0.01 Myr1 in P6 and su
P7, and (blue) k4 is increased to 100 Myr1 instead of reducing k3. The parameter variationWe have developed a new model, BFM, which includes a well-
deﬁned parameter set (see Table 1 and corresponding Figs. 5 and
6) regarding dissolved organic and inorganic reservoirs in the
ocean (Rothman et al., 2003; Ishikawa et al., 2013). Through this
model, we can reproduce the time variations in d13Ccarb and d13Corg
based from drill-core-sample information obtained from the sedi-
ment, which record the Ediacaran and Cambrian periods from the
Three Gores in South China. We divided this time range into seven
periods for BFM-based investigation. They are: post-Marinoan
glaciation (P1: 635e590 Ma), the Gaskiers glaciation (P2:
590e580 Ma), post-Gaskiers glaciation (P3: 580e570 Ma), the
Shuram excursion (P4: 570e555 Ma), post-Shuram excursion (P5:
555e542 Ma), the Pc/C boundary (P6: 542e535 Ma), and the
earliest Cambrian (P7: 535e525 Ma), respectively.
Five parameters (k1, k2, k3, k4, and 30) of the model are deter-
mined for each of the seven periods so as to reproduce the
measured d13Ccarb and d13Corg recorded in the sediments through
the fossil record. Using the determined parameter sets, the model
gave us the masses of the two reservoirs (m1 andm2). The results of
our BFM-based modeling are compared with other Ediacaran/is added to P1eP5. Only BFM (red solid curve) gives a satisfactory ﬁtting. (b) Parameter
wn to 0.01 Myr1 in P6 and subsequently returns back to the P5 value in P7, while the
bsequently returns back to the P5 value in P7; in addition, k2 is increased to 10 Myr1 in
shows in Table 6.
Table 6
The parameters corresponding to Fig. 11 (P6 and P7).
Period k1 (Myr1) k2 (Myr1) k3 (Myr1) k4 (Myr1) 30 (&)
P6 BFM 0.5 0.5 0.001 0.08 33
Green line 0.5 0.5 0.001 0.08 33
Blue line 0.5 0.5 0.3 0.08 33
P7 BFM 0.5 0.5 0.3 0.08 33
Green line 0.5 10 0.3 0.08 33
Blue line 0.5 0.5 20 100 33
BFM in P5 0.5 0.5 0.3 100 33
The modern ocean 0.5 20 10 500 20
The range in Ediacaran 101 < k1 < 101 102 < k2 < 10þ1 101 < k3 < 102 103 < k4 < 104 18 < 30 < 29
The bold values show best ﬁtting model (BFM) and red line.
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can be made, we had to make sure that the initial conditions were
consistent with the d13Ccarb and d13Corg recorded prior to the Edi-
acaran period, as per the following.5.1. Initial conditions
In our BFM, the optimal initial parameters in P1 (in the early
Ediacaran) were determined to be: k1 ¼ 0.5, k2 ¼ 0.02, k3 ¼ 0.2, and
k4 ¼ 0.001 based on a comparison with the values of the modern
ocean. The coefﬁcient, k1, representative of carbonate precipitation,
best ﬁts that of the modern-day ocean (0.5); i.e., the coefﬁcient of
the carbonate-precipitation ﬂux (k1) represents the process from
the dissolved inorganic carbon (DIC) to carbonate precipitation. In
BFM, the k1 remained constant at 0.5Myr1 throughout P1eP7. This
is consistent with the fact that precipitation is most probably
dominated by inorganic processes and is expected to vary little
from the Precambrian oceanwhen compared to the modern ocean.
In fact, solubility of water is in the range of factor 3 from 0 to 40 C.
On the other hand, BFM suggests that the other coefﬁcients (k2,
k3, and k4) were much lower than those in the modern ocean. First,
k2 ¼ 0.02 in the early Ediacaran are ca. 1000 times lower than the
modern ocean. This is consistent with the fact that there are no
zooplanktons in the early Ediacaran and, therefore, there are no
sinking particulate organic matter, which includes their bodies and
fecal pellets to drive the biological pump in the early Ediacaran
(Logan et al., 1995; Rothman et al., 2003; Emerson and Hedges,
2008). Second, the coefﬁcient of the primary productivity (k3) in
the early Ediacaran assumed ca. 50 lower than the modern ocean.
This is consistent with a lower supply of nutrients sourcing from
the continents in the early Ediacaran due to a smaller exposure of
landmass when compared to modern-day conditions (i.e., larger
landmass exposure and thus greater nutrient supply) (Rino et al.,
2008), as indicated by a lower Sr isotope ratio value in the early
Ediacaranwhen compared to themodern value (Shields and Veizer,
2002; Sawaki et al., 2010). Third, the coefﬁcient of remineralization,
k4, in the early Ediacaran was observed to be far lower than the
modern ocean, consistent with the fact that the early Ediacaran
ocean was anoxic as suggested by the S isotope ratio (McFadden
et al., 2008; Xiao et al., 2012). The dominant process during early
Ediacaran remineralization (i.e., oxidation of organic carbon to form
carbonate), therefore, was likely due to be anaerobic respiration:
this anaerobic respiration has lower efﬁciency than aerobic respi-
ration in modern ecological systems.
Adopting initial m1 ¼ 3000, m2 ¼ 300,000, d1 ¼ 5, and
d2 ¼ 30, the initial volume of DIC (m1) indicates a volume of
carbon in the early Ediacaran ocean comparable to that of the
modern ocean, while the initial volume of DOC (m2) indicates ca.
1000 larger than that of the modern ocean. The volume of DOC is 10
times larger than DIC in the early Ediacaran an order of magnitude
smaller than that suggested by Rothman et al. (2003). Using themodel, the masses and isotope ratios listed above can be repro-
duced if the environmental parameters, k1 ¼ 0.5, k2 ¼ 0.002,
k3 ¼ 0.2, k4 ¼ 0.001, and 30 ¼ 25, are maintained for ca. 1000 Myr.5.2. Changes in the Ediacaran carbon cycle
The BFM reveals that the Shuramexcursion is related to the three
revolutions in the global ecological system of the Earth, which
produced strong perturbations in the carbon cycle in the ocean, and
therefore, the excursion in d13Ccarb and d13Corg (Table 1 and Fig. 6).
The revolutions are: (1) a replacement of the major primary pro-
ducers from cyanobacteria to macro algae, (2) a change in themajor
respiration process from anaerobic to aerobic metabolisms, and (3)
an onset of the biological pump due to the appearance of
zooplankton and metazoans. The ﬁrst revolutionwas caused by the
replacement of the major primary producer of photosynthesis from
the rock-living cyanobacteria (stromatolite) to free-living macro
algae, which can be seen in the increase from 25 to 33&. The frac-
tionation depends on the availability of CO2 for photosynthesis
(Popp et al., 1998); the lower availability of CO2 causes a lower
fractionation, in general. The rock-living cyanobacteria had to
conduct photosynthesis under a strong CO2 starvation due to their
poor ventilating compartments deep in the rock (Garcia-Pichel et al.,
1996; Garcia-Pichel, 1998), therefore, they developed a strong car-
bon absorptionmechanismof CO2 (Jansson andNorthen, 2010). As a
result, the globally averaged CO2 abundance in the oceanwas likely
to be as low as 25&, at a time when stromatolites were the major
producers of the Earth. On the other hand, CO2 abundance in the late
EdiacaranOceanwas likely tobecomeashighas33&,when the free-
livingmacro algae became themajor producer of the Earth, because
of greater abundances of CO2 in the Precambrian atmosphere when
compared to the present-day atmosphere in spite of their larger
body sizes.Maohebiotas,macroscopic algae, for example, have been
found in SouthChina at the beginningof the Shuramexcursion (Xiao
et al., 2002). Since the CO2 density generally continues to decrease
during the Phanerozoic era (0e600 Ma), the globally averaged CO2
abundance shows an extended declining trend down to about 25&
probably because of an increasing difﬁculty in absolution of CO2 by
macro algae and plants.
The second revolution is the major change in respiration from
anaerobic to aerobic metabolism. This change, which took place
almost at the same time as the ﬁrst revolution, since the oxygen
molecules can freely exchange to the surrounding environment
after being released through photosynthesis from free-living algae
(compared to stromatolites that envelop carbonates and inhibit the
exchange of oxygen), rapidly oxidized the ocean and then the at-
mosphere. Oxygen released by cyanobacteria living in small rock
compartments, on the other hand, contribute only to local oxi-
dization (i.e., micro environments) due to the poor ventilation. The
aerobic respiration yielding ATPs by 27 times greater than anaer-
obic respiration and fermentation signiﬁcantly increases the
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appeared during the interval of the Shuram excursion, which im-
plies that this change of metabolism is related to the appearance of
these large-size fauna (e.g. Narbonne, 2005).
The third revolution is the onset of the biological pump due to
the zooplankton and metazoans, which took place at the end of the
Shuram excursion (ca. 570e555 Ma; Logan et al., 1995; Rothman
et al., 2003; Emerson and Hedges, 2008). Moreover, it also made
a transition from the dark and untransparent ocean (e.g., a swamp
or red tides due to the massive dissolved organic carbon (DOC)) to
the blue and transparent ocean similar to that of the modern ocean.
As observed in Fig. 6, the other two lesser excursions are
explained by the temporal decreases in primary productivity,
which took place in P2 and P5, corresponding to the cool climate
events, i.e., Gaskiers glaciation and Baikonur glaciation, respec-
tively, because of the larger ice coverage of the ocean.
In addition, the ratio of inorganic and organic carbon deter-
mined from the drill-core samples is consistent with our BFM-
based results. Using the BFM, the f1/f2 was notably high before
the Shuram excursion (P4), consistent with the ratio of carbonateFigure 12. (a) The time history of parameters of BFM. The parameters k2, k4, and 30 increase o
to BMF, O2 was accumulated in the atmosphere through early Ediacaran through post-Gask
(P4). This decrease was associated with an increase in remineralization (i.e., formation o
metabolism from an anaerobic to aerobic one in the global ecosystem due to the oxidizatio
period (P5) because of the suppression of the remineralization due to the increase in k2 (
appearance of the zooplanktons and metazoans. (c) The fossil record appears to be consistcontent/TOC in the drilling core samples. During the Shuram
excursion (P4), f2 decreases in response to an increase in reminer-
alization (k4) and a decrease in TOC. After the Shuram excursion
(P5), f2 increases to ca. 80% in response to an increase in burial of
organic carbon (k2), which is consistent with the high TOC observed
at the upper boundary of the Ediacaran. In summary, BFM is
consistent with the history of the ratio of carbonate content/TOC in
the drill-core samples (Fig. 12).
Finally, oxygen values through the BFM were compared with ox-
ygen level change to discuss the cause of carbon cycle changes. Inte-
grated free oxygen (O2) separated from carbon can be estimated as:
DmO2 ¼
Z t2
t1
ðk3m1  k4m2Þdt (5)
The mass of oxygen accumulated in the atmosphere from the
Marinoan glaciation is estimated to be 6  1018 (mol) at the
beginning of the Shuram excursion (Fig. 13), corresponding to 1% of
the O2 content in modern atmosphere.nce k2 ¼ 0.02/ 0.5 Myr1, k4 ¼ 0.001/ 0.1 Myr1, and 30 ¼ 25/ 33&. (b) According
iers periods (P1eP3), but decreased before at the beginning of the Schuram excursion
f carbonates) due to the increase in k4, indicating the major change in respiration
n of the ocean and atmosphere. This decrease in O2 leveled off following the Schuram
burial speed of organic matter). This increase in burial speed may coincide with the
ent with time history of the parameters of the carbon cycle.
M. Tahata et al. / Geoscience Frontiers 6 (2015) 121e136 133Although, the mass of O2 slightly decreases during the Shuram
excursion because of an increase in the remineralization coefﬁcient
k4, the O2 in the atmosphere did not completely vanish (Fig. 13). In
addition, oxidation events are indicated by sulfur isotope ratios of
sulfate and sulﬁde and nitrogen isotope ratio of organic matter
(Fig. 13, McFadden et al., 2008; Kikumoto et al., 2014). First, Sulfur
isotope ratios of pyrite (d34Spy) and carbonate associated with sul-
fur (d34SCAS) decreased in parallel during the Shuram excursion
event. Moreover, also during the Shuram excursion event, a frac-
tionation of sulfur isotope ratio between pyrite and CAS (Dd34Spy-
CAS) increased from ca. 10& to ca. 20&; these signatures indicate
sulfate concentration increased possibly due to an enhanced input
of sulfate sourcing from the continent through river systems (Fike
et al., 2006; McFadden et al., 2008). Thus, in the late Ediacaran,
oxidativeweathering of sulﬁde (e.g. pyrite) had occurred because of
atmospheric oxidizing events. The oxidizing events are consistent
with a change of predominant metabolism from anaerobic respi-
ration to aerobic respiration (Fig. 14).
Second, nitrogen isotope ratio (d15NTN) gradually decreases after
the Shuram excursion (Fig. 14). This indicates the increase of nitrate
abundance in the ocean (Kikumoto et al., 2014), which might be
caused by incomplete nitrate assimilation due to strong phosphate
limitation of oceanic primary production at the time (Shimura et al.,
2013). These events probably reﬂected an oxidizing ocean and at-
mosphere after the late Ediacaran period, which is consistent with
the change of metabolism (from anaerobic to aerobic respiration;Figure 13. The time history of the ratio of organic (f1) and inorganic (f2) ﬂux to the sedim
samples of the Three Gorges, South China.Figs. 6 and 14). The increasing sulfate and nitrate abundances are
caused not only by the oxidizing event but also by the rise of aer-
obic respiration. Oxygen is more preferentially used than sulfate
and nitrate, because the energy efﬁciency of aerobic respiration is
more than those of sulfate reduction and denitriﬁcation. Re-
mineralization of organic carbon was mainly promoted by anaer-
obic respiration in the anoxic ocean before the early Ediacaran. So,
sulfate and nitrate had been consumed by sulfate reduction and
denitriﬁcation. After the late Ediacaran, during the Shuram excur-
sion, change of the dominant metabolism, anaerobic to aerobic
respiration, could accumulate sulfate and nitrate in the seawater.
5.3. Future works
Many works obviously remain for future. First, we plan to
include the equations governing the circulation of oxygen, sulfur,
nitrogen, and iron in our model in addition to carbon near future.
The oxygenation of the ocean is one of the important environ-
mental changes that took place in the EdiacaraneCambrian pe-
riods, as discussed in Section 5.1. For, example, oxygen molecules in
the atmosphere enhance the weathering of the continental rocks to
increase the ﬂux of the nutrients sources such as SO4 and NO3,
which in turn contribute to the growth of phytoplankton in the
continental shelves. Such complex interplays among many chemi-
cal compounds can be traced by the numerical simulations of the
circulations models that include the circulations of oxygen,ents is compared with the ratio of the TOC to the carbonate content in the drill-core
Figure 14. Calculated accumulation of the molecular oxygen is consistent with the data of Dd34Spy-CAS and d15NTN (modiﬁed after McFadden et al. (2008) and Kikumoto et al. (2014)).
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ratios of sulfur (d34S) of the outcrop samples and nitrogen isotope
ratio (d15N) of drill-core sample (McFadden et al., 2008; Kikumoto
et al., 2014) can be compared with the results of the simulations,
as preliminary comparisons are shown to be consistent to our
interpretation in Subsection 5.2. Finally, Fe2þ ions, stored in the
anoxic ocean, started to precipitate as Fe3þ as the ocean became
oxic ocean. We could discuss such banded iron formation events
with the enhanced circulation model of C, N, O, S, and Fe, as well as
the other environmental changes.
We also plan to incorporate the differences in the places of the
ocean depending on the distances from the nearest continents. In
fact, the carbon isotope proﬁles, taken from the samples of
Tiangping and Fengtang area in South China, are signiﬁcantly
different from those of the drill-core samples in the Three Gorges.
The former was in the sediments of a pelagic ocean area where
nutrient supply was not negligible and the effects of the biological
organization were still limited. On the other hand, those of later
were in the sediments of continental shelf (Jiang et al., 2011), where
the nutrient supply from the nearby continents was sufﬁcient to
sustain rich ecological systems. The difference in the carbon isotope
proﬁles may be explained by the difference in the amount of the
biological effect.Acknowledgments
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